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Abstract 
Based on simplified Volterra model, a behavior-level simulation analysis approach of electromagnetic susceptibility (EMS) for 
radio frequency (RF) receiver is presented in this article. Third order simplified Volterra model is adopted to analyze receiver
EMS. A general criterion for EMS is proposed according to EMS response characteristics in frequency domain, and then the 
simulation flow charts for calculating susceptibility thresholds are given. This approach is superior to the previous EMS analysis
method on receiver, which mainly relies on experiments but lack simulation analysis. Take the dual frequency GPS receiver and 
zero IF receiver interfered by continue wave as examples for in-band and out-of-band susceptibility threshold calculation. Simu-
lation results show that the proposed method is not only valid and effective, but also reduces the internal storage and simulation
time, which is suitable to RF receiver EMS analysis and practical in engineering and technology field.  
Keywords: radio frequency receiver; electromagnetic susceptibility; Volterra series; sensitivity threshold; behavior-level simula-
tion
1. Introduction1
There are numbers of electronic devices and radio 
frequency (RF) transceiver devices integrated on the 
limited space or platform of satellites, aircraft and 
other large complex systems. Most operating equip-
ments are associated with the conversion of electro-
magnetic energy. High-density and broadband spec-
trum electromagnetic signals are full of limited space, 
which construct an extremely complex electromagnetic 
environment. So the electromagnetic susceptibility 
(EMS) issues of receivers become more and more 
prominent[1-2]. The ultimate goal of receiver’s EMS 
analysis is to obtain the susceptibility threshold. The 
susceptibility threshold is the critical level of interfer-
ence when the receiver does not work under interfer-
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ence. Usually, the susceptibility threshold can deter-
mine whether the receiver is interfered. Therefore, the 
simulation and analysis of receiver’s EMS has practi-
cal value.  
At present, some research has been done on re-
ceiver’s EMS test[3-4] and theoretical study[5-7], but less 
on simulation of RF receiver’s EMS. Ref.[1] considers 
the interference coupling from the antenna into the 
receiver, and considers the receiver’s sensitivity and 
interference rejection as the in-band susceptibility 
threshold. In Ref.[3], the out-of-band susceptibility 
threshold of two commercial global positioning system 
(GPS) receivers are obtained through EMS test when 
the receivers are under continuous wave, pulse, and 
frequency-shift keying (FSK) modulated signals inter-
ference. Ref.[4] does not consider the interference cou-
pling from the antenna into receiver. In Ref.[4], the 
out-of-band susceptibility threshold of a civil GPS 
receiver is obtained through the EMS test when the 
receiver is interfered by continuous-wave and pulse 
signal. In Ref.[5], the interaction between signals is 
neglected and the power series is used to analyze the Open access under CC BY-NC-ND license.
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receiver’s EMS. In Ref.[6], the susceptibility threshold 
is divided into three kinds, namely the same channel, 
adjacent channel and out-of-band. The receiver’s 
thermal noise is as the in-band susceptibility threshold. 
In Ref.[7], the receiver input to the demodulator input 
is assumed to be a linear power transfer function, and 
the relationships between susceptibility threshold and 
linear power transfer function, sensitivity as well as 
signal to noise ratio are established.  
In nonlinear systems, different frequency input sig-
nals are mutually affected[8]. So how to analyze the 
interference signal impact on the desired signal and 
how to simulate receiver’ EMS are yet to be further 
studied. In this article, first, the third order simplified 
Volterra model of the non-linear device is set up. Sec-
ondly, the EMS response characteristics of receiver 
such as desensitization, inter-modulation and spurious 
response are analyzed. Then the general EMS criterion 
and the behavioral-level simulation method for com-
puting susceptibility threshold are proposed. Finally, 
we take the dual-frequency GPS receiver and zero-IF 
receiver as examples to calculate the susceptibility. In 
advanced design system (ADS) simulation environ-
ment, we establish the receiver’s RF front-end behav-
ioral model, and then use the envelope simulation 
method to calculate receiver’s susceptibility threshold. 
The simulation results show that this method is simple 
and effective. In this article, when we analyze the re-
ceiver’s EMS, only the interference signal coupling 
from the antenna into the receiver is considered.  
2. Volterra Series Model of Nonlinear Systems 
The Volterra series model is a representation of in-
put and output behavior-level model for nonlinear sys-
tems. A continuous, causal nonlinear system response 
to the input signal can be expressed as the following 
functional series form[9]:
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where hn(W1, W2, }, Wn) is the nth order generalized 
impulse response function.  
Taking Fourier transform of Eq.(1), we get 
1 2
1 1
( j ) ( j , j , , j ) ( j )
n
n n i
n i
Y H XZ Z Z Z Zf
  
 ¦ "   (2) 
where Hn(jZ1, jZ2, }, jZn) is the nth order generalized 
frequency response function (GFRF). The first order 
GFRF is the linear term of nonlinear systems. The nth
order (nt2) GFRF presents the nth order nonlinear 
distortion items. GFRF is a symbolic representation of 
frequency-domain analysis, which can visually express 
the desensitization of nonlinear systems, harmonics 
and intermodulation phenomena. It is adapted to 
engineering frequency domain analysis.  
For weakly nonlinear systems, the first three GFRF 
can express the extent of the nonlinear system more 
accurately[10]. Therefore, the simplified third order 
Volterra series model of nonlinear devices is used to 
analyze the receiver’s EMS response characteristics.  
3. Receiver’s EMS Response Characteristics 
According to the receiver RF bandwidth, the EMS 
responses to the receiver are divided into in-band and 
out-of-band response. For in-band interference, Eq.(3) 
is used to calculate the receiver susceptibility thresh-
old. If the RF input interference signal level is less 
than the value of Eq.(3), the receiver does not appear 
to respond to EMS. That is, the receiver can work 
properly.  
J min in( ) sensitivity SNR AJS Z          (3) 
where ZJ is the frequency of interference signal, dBm; 
SNRmin the minimum required for the receiver signal 
to noise ratio, dB; AJin the disturbance rejection for the 
receiver, dB.  
Out-of-band interference causes the receiver EMS 
response by primarily non-linear effects. Common 
EMS responses include desensitization, inter-modula- 
tion and spurious responses.  
3.1. Desensitization characteristics
Desensitization refers to the gain decrease of the re-
ceiving system to the desired signal, which is mainly 
caused by the nonlinear devices at RF front-end espe-
cially by low-noise amplifier (LNA). The third order 
simplified Volterra series model of LNA is shown in 
Fig.1.  
Fig.1  Third order simplified Volterra series model of LNA. 
When the desired signal x(t,ZS)=Acos(Z S t) and in-
terference signal x(t,ZJ)=Bcos(ZJ t) come into the LNA 
at the same time, the fundamental frequency response 
of the desired signal can be expressed as follows: 
2
S 1 S 3 S S S
3( j ) A ( j ) ( j , j , j )
4
Y G A GZ Z Z Z Zª   «¬
2
3 S J J
3 ( j , j , j )
2
B G Z Z Z º »¼          (4) 
where Z S is the frequency of input signal.  
Set A<<B, then Eq.(4) can be simplified as 
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Usually Re{G3(jZS, jZ J, jZ J)/G1(jZS)}<0, so the 
interference leads to the gain drop of desired signal, 
that is, the receiver desensitization will occur. By 
Eq.(5), we can see that the greater the interference 
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signal amplitude is, the more the gain of the desired 
signal declines.  
3.2. Intermodulation response characteristics 
In intermodulation response, the third order inter-
modulation caused by the LNA has an impact on the 
receiver in most cases. If two interference signals 
x(t,Z J1)=B1cos(Z J1t) and x(t,Z J2)=B2cos(Z J2t) as well 
as the desired signal x(t,Z S)=Acos(Z S t) come into the 
LNA at the same time, when 2Z J1Z J2=Z S=Z JM, the 
frequency response of the third order inter modulation 
product can be expressed as  
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where ZJM is the frequency of the third order mter 
modulatiou product. 
Set A<<B1, A<<B2, then the fundamental frequency 
response Y(jZ S) of the useful signal can be expressed 
as  
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By Eq.(7), we know that the intermodulation pro- 
duct Y(jZJM) falls in the passband of RF receiver, 
which will be amplified, mixed and detected together 
with the useful RF signals. When the magnitude of 
Y(jZJM) is large enough, it will form a false signal.  
Usually Re{G3(jZ S, jZ Ji, jZ Ji)/G1(jZ S)<0}, so the 
intermodulation interference will result in gain drop of 
the desired signal. The degree of gain drop depends on 
the magnitude of two interference signals. 
3.3. Spurious response characteristics 
Among spurious responses, the image frequency 
response caused by mixer is most serious. Mixer is a 
strong nonlinear device, but the mixing part is weakly 
nonlinear[11]. Taking into account the band-pass filter 
after mixer, the mixer’s Volterra series model can be 
simplified to Fig.2[7]. where u(t, Zs) is the useful sig-
nal, xL(t, ZL) the local oscillator signal. 
Fig.2  Simplified Volterra series model of mixer. 
To simplify the theoretical analysis, assume that the 
amplitude of the local oscillator signal is fixed. Set the 
local oscillator signal xL(t,ZL)=Lsin(ZL t), the desired 
signal u(t,ZS)=Ucos(ZS t) and the interference signals 
u(t,ZJ)=Jcos(ZJ t) and set U<<J. If the desired signal 
and interference come into the mixer at the same time, 
the frequency response of the jamming signal after 
mixing can be expressed as  
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where k1 and k2 are both specific constants and 
Z JI=Z LZ J. If Z JI=Z SZ Lˈthen Y(jZJI) is called the 
image frequency response. In this case, the intermedi-
ate frequency (IF) fundamental response of the useful 
signal after mixing Y(jZJI) can be expressed as  
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2
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where ZSI=ZSZL. So the image frequency response 
falls into the receiver IF passband, and can be ampli-
fied and detected with the IF desired signal. Then it is 
impossible to form a spurious signal.  
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therefore the image frequency interference also leads 
to the gain drop of the desired signal.  
From the above analysis, we know that the 
out-of-band interference’s impact on receiver express 
the gain drop of the desired signal. So the receiver 
out-of-band interference EMS response can be charac-
terized by a decrease in sensitivity. In particular, the 
intermodulation and spurious responses can be char-
acterized by the false signal.  
4. Receiver Susceptibility Criterion 
We know from theoretical analysis that the receiver 
out-of-band interference EMS response can be sum-
marized as desensitization and false signals, and gen-
erating a false signal will also be accompanied by the 
phenomenon of desensitization[12]. Combining the 
conditions that the receiver needed for a normal detec-
tion (that is, under the interference, only the desired 
input signal power of detector PSout(Z SI) is greater 
than the minimum detectable power PSmin(Z SI), and 
the ratio of the carrier power to interference signal 
power is more than the required threshold of the ratio 
of carrier to noise of the detector CNRth), the detector 
input port can be a sensitive port. So, Eq.(10) can be 
used as a susceptibility criterion to solve the suscepti-
bility for the desensitization, inter-modulation and 
spurious responses.  
Sout SI Smin SI
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where PJout(ZJI) is the power of interference signals at 
the input port of detector and N the receiver’s internal 
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noise at detector input port.  
If PSout(Z SI)<PSmin(Z SI), that is if the desired signals 
seriously decrease, then the receiver will have less 
useful information. If PJout(Z JI)tPSmin(Z SI), that is if 
the interference signal’s power is greater than the 
minimum detectable value, the spurious signal may 
result in the receiver malfunction.  
If PSout(Z SI)/(PJout(Z JI)+N)<CNRth, the desired sig-
nal will not be demodulated correctly. Therefore, if 
any one of Eq.(10) is false, the receiver would not 
work correctly.  
For digital communication systems, in addition to 
using Eq.(10) as susceptibility criterion, the error rate 
can also be used as a criterion. At this time, the sensi-
tive port is the output port of detector. The criterion is 
expressed as the Eq.(11).  
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where MSout(Z Sd) is the magnitude of desired signal at 
detector output port, MJout(ZJd) the magnitude of inter-
ference signal at detector output port, MSmin(Z Sd) the 
minimum output magnitude that detector requires, and 
BERth the maximum acceptable error rate of receiving 
system. Similarly, if any one of Eq.(11) is false, the 
receiver cannot work correctly.  
By Eqs.(3), (10)-(11), we can see that the EMS re-
sponse of receiver depends on the receiver’s internal 
noise, carrier to noise ratio threshold, useful minimum 
detectable signal power, bit error rate and the re-
ceiver’s response to interference signals.  
5. Susceptibility Threshold Solution Method 
In ADS, we create the receiver’s behavioral model 
and establish the Volterra series model of the LNA and 
mixers using the manufacturer’s test data. For other 
devices we use the Taylor behavioral model in 
ADS[13-14]. Set the order of Volterra series model as 
variable n, the power and frequency of interference 
signals at RF input port as variable Pi(ZJiRF) and ZJiRF
respectively. And set the power of the desired signal as 
the minimum. Use envelope simulator to solve the 
susceptibility threshold. We can read the power of the 
desired signal and interference signal from the simula-
tion results respectively, and substitute them into the 
sensitive criteria to judge the susceptibility. In simula-
tion, the harmonic order of the interference and desired 
signal is set to n, and the largest order of the inter-
modulation is set to n+2.
When there is only one interference signal, the 
simulation solving process is shown in Fig.3. In par-
ticular, when there are two interference sources, the 
simulation solving process of intermodulation sensitiv-
ity threshold can be shown in Fig.4.  
In Fig.3, S(ZJiRF) indicates the receiver sensitivity 
Fig.3  Solving flow chart of sensitivity threshold for a sin-
gle interference source. 
Fig.4  Solving flow chart of intermodulation sensitivity 
threshold for two interference source. 
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threshold under the action of a single interference 
source, while ZSRF is the center frequency of RF useful 
signal.
In Fig.4, Sk1(ZJ1RF) is the first interference sensitivity 
threshold, Sk2(ZJ2RF) the second interference sensitivity 
threshold, and P(ZJiRF)max the sensitivity threshold 
when the interference of a single frequency ZSRF acts 
on the receiver, while ZSRF is the center frequency of 
RF desired signal. By setting the variables a and b in 
equation aZ SRFdZJiRFdbZSRF, the frequency range of 
the interference signal can be controlled.  
6. Application Examples 
6.1. Solution of GPS receiver’s susceptibility threshold  
The basic component of a dual-frequency GPS re-
ceiver’s architecture is shown in Fig.5[15-16]. The archi-
tecture include low noise awplifier (LNA), bandpass 
filter (BPF), awplifier (AMP), automatic gain control 
(AGC) and phase detector. The sensitivity of L1 chan-
nel is 159 dBm, the carrier frequency is 
1 575.42 MHz, and the modulation signals of L1 
channel are C/A code and D code. The sensitivity of 
L2 channel is 164.1 dBm, the carrier frequency is 
1 227.6 MHz, and its modulation signal is C/A code. 
The carrier to noise ratio of L1 channel is required to 
be CNRL1t42 dB, and the loop signal to noise ratio is 
SNRL1t15.65 dB. The carrier to noise ratio of L2 
channel is required to be CNRL2t39 dB, and the loop 
signal to noise ratio is SNRL2t13.74 dB. The IF fre-
quency is 140 MHz. The IF signal’s amplitude that the 
detection processing module requires must be greater 
than 13.25 dBm. The interference rejection of the 
dual-frequency GPS receiver is AJin=25 dB.  
Fig.5  Component diagram of dual-frequency GPS receiver. 
For the dual-frequency GPS receiver, use Eq.(10) as 
the susceptibility criterion. From the known conditions 
we can obtain the in-band susceptibility threshold of 
L1 channel as follows: 
L1 J L1 in( ) 159 SNR AJ 149.65 dBmS Z      
The susceptibility criterion of L1 channel is shown 
as Eq.(12),  
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The in-band susceptibility threshold of L2 channel 
is as follows: 
L2 J L2 in( ) 164.1 SNR AJ 152.84 dBmS Z      
The susceptibility criterion of L2 channel is shown 
as Eq.(13),  
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In ADS, we create the behavioral model of the RF 
front-end of the dual-frequency GPS receiver. Taking 
the example of the continuous-wave interference with 
C/A code modulated signal, we solve the sensitivity 
threshold when n=3 and n=7 respectively.  
When there is only a single interference source, in 
accordance with the process shown in Fig.3, we solve 
the sensitivity threshold. The simulation result is 
shown in Fig.6.  
Fig.6  Sensitivity threshold of dual frequency GPS receiver. 
The simulation result shows that the sensitivity 
threshold of the receiver is different for the different 
frequency interference signals. Point P1 and Point P2
are the image frequency interference sensitivity 
thresholds for L1 and L2 channel respectively. The 
simulation result shows that dual-frequency GPS re-
ceiver is most sensitive to the in-band interference 
signals. In the out-of-band interference, the receiver is 
most sensitive to the image frequency interference. In 
Fig.6, the sensitivity thresholds of P1, P2, P3, P4 four 
points are measured in the laboratory. The differences 
between simulation results and the measured values of 
these four points are in 3-6 dBm range (in the permit-
ted range), which indicates the accuracy and effec-
tiveness of the method.  
When there are two interference signals, assume that 
the frequency is ZJ1=2.250 GHz, ZJ2=2.925 GHz, and 
the third order intermodulation product 2ZJ1ZJ2=
1 575 MHz falls into the passband of L1 channel of the 
dual frequency GPS receiver. According to the process 
shown in Fig.4, the intermodulation susceptibility 
threshold is computed and the simulation result is 
shown in Fig.7.  
From the comparison of Fig.6 and Fig.7, we can see 
that their inter modulation susceptibility thresholds 
should be smaller than the value of the single signal 
interference with the receiver when the two signals 
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form the intermodulation interference of the receiver. 
From Fig.6 and Fig.7, it is also seen that the sensitivity 
threshold obtained is nearly the same when we use 
simplified 7 order Volterra model and the 3 order 
Volterra model to do the simulation. This shows that 
the high order GFRF’s impact on the receiver suscep-
tibility threshold is very small, which proves the valid-
ity of this simplified method.  
Table 1 shows the required simulation time and 
memory of one time simulation with 2 GB RAM, 
3.7 GHz PC when the intermodulation susceptibility 
threshold is solved using seven order and three order 
simplified Volterra series model.  
Table 1 shows that simulation time and memory are 
greatly reduced using the lower order simplified 
Volterra model. Since solving susceptibility threshold 
requires multiple simulation, it can save a lot of com-
puter resources and the simulation time.  
Fig.7  IM susceptibility threshold of dual frequency GPS 
receiver.
Table 1  Simulation efficiency comparison 
Order Memory/GB Simulation time/s 
7 1.59 7 559.20 
3 0.683 292.52 
6.2. Solution of zero IF receiver’s sensitivity threshold  
A zero IF receiver block diagram is shown in 
Fig.8[17-18]. The receiving unit is responsible for signal 
down conversion, amplification, filtering and detec-
tion. And it amplifies the signal to the level magnitude 
that the digital circuit can capture[19-20]. The parameters 
of the zero IF receiver are shown as follows: noise 
figure NFd6.5 dB; sensitivityd130 dBm; I and Q 
output signal amplitude range is 1-10 V; signal to noise  
Fig.8  Block diagram of zero IF receiver. 
ratio SNR is larger than 10.5 dB; quadratwre phase 
shift keying (QPSK) signal immunity AJin=20 dB; bit 
error rate BERd0.25; the receiver’s center frequency is 
6 GHz; the RF bandwidth is 300 MHz. 
By the performance parameters, we can obtain the 
in-band susceptibility threshold as follows:  
in J in( ) 130 dBm SNR AJ 120.5 dBmS Z      
The signal that the zero IF receiver received is the 
QPSK-modulated digital signal, so we use Eq.(11) as 
the susceptibility criterion. Then, the sensitivity crite-
rion for out-of-band interference is shown as Eq.(14): 
Sout SI
Jout JI
( ) 1 V
( ) 1 V
BER 0.25
M
M
Z
Z
t ½° ¾° ¿
              (14) 
In ADS, we create the behavioral model of zero IF 
receiver’s RF front-end. Take the continuous-wave to 
RF input port as the interference signal, we solve the 
sensitivity threshold. According to the process shown 
in Fig.4, the susceptibility threshold is computed. The 
simulation result is shown in Fig.9.  
Fig.9  Zero IF receiver’s susceptibility. 
The simulation result shows that the zero IF receiver 
is most sensitive to in-band interference, and there is 
no image frequency sensitive channels. Because the 
RF front-end of the zero IF receiver has no pre-filter, 
the interference signal is amplified by the low noise 
amplifier directly. Due to the non-linear characteristic 
of the low noise amplifier, the interference signals of 
1 GHz, 2 GHz and 3 GHz will all have the 6 GHz 
harmonics product. If these harmonic products mix 
with the oscillator, it will disturb the base-band signal.  
7. Conclusions 
This article researches how to analyze receivers’ 
EMS and presents the method based on a simplified 
Volterra series model to solve receiver sensitivity 
threshold. This method is applied to the dual-freq- 
uency GPS receiver’s and zero-IF receiver’s EMS 
analyses. Simulation results show that the method is 
effective and feasible. This method is suitable for gen-
eral receiving system’s EMS analysis and sensitivity 
threshold solution, which provides a good guide for 
engineering practice.  
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